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Uniaxial creep rupture properties provide the primary basis for the selection of materials and design of 
components for high temperature applications. These tests usually last up to 10,000 hours and it is generally 
believed that, the longer the test time, the more accurate may be the life prediction of the component as 
indicated by David A.Woodford [3]. There is a need to generate suitable material data such as creep strength 
and fracture resistance in short time by conducting accelerated creep tests. The complexity of phenomenon is 
acceptable if the test suitably reflects the operating conditions [4]. 
Stress concentration developed by notch may be presumed to influence the creep and rupture properties of 
the alloy. Investigation of notch properties of alloys provides the designer with information regarding the 
effects of stress concentrations of varying magnitude. Also, it helps to gain a better understanding of how 
stresses influence fracture in creep loading. Many researchers [5, 6, 7] have used Finite Element (FE) analysis 
to study the role of specimen geometry, material ductility, and constitutive law on creep behavior of material 
under various stress states on cylindrical specimen with circular notch. Various parameters deciding the degree 
of constraint are maximum principal stress, strain at notch tip, mean stress, and triaxiality factor. According to 
Nao-Aki Noda et al [8], the triaxiality factor is more relevant amongst the above parameters.  
This paper is an attempt to address issues regarding notch effect on 316L(N) SS under creep conditions. 
Experimental observations on the creep behavior of 316L(N) SS at 300 MPa and 873K under various 
multiaxial stress states are critically examined by providing circumferential V-notch. 
2. Experimental 
2.1. Material 
 Nuclear grade 316 L (N) SS differs from the normal commercial variety in the fact that, it has closely 
controlled composition, lower residual element concentration, and lower inclusion content. The chemical 
composition of 316 L (N) SS in wt.% is shown in Table 1. 
Table 1. - Chemical composition of 316 L (N) SS (wt.%). 
Material C Mn Ni Cr Mo N S P 
316 L(N)SS 0.025 1.75 12 17 2.4 0.07 0.002 0.023 
2.2. Specimen preparation 
Specimens were prepared out of 316L(N) SS plate in the direction of rolling. The specimens had 50 mm 
gauge length and 9.5 mm gross diameter.  Circumferential 600 V-notch was prepared exactly in the center of 
gauge length of the specimen. The geometrical details of creep specimens are shown in Fig.1.  
  
Fig. 1.  Notch geometry (L = Gauge length, D = gross diameter, d = net diameter, t
  
= notch depth, ȡ= notch root radius and  
ș = notch angle in degrees. 
Different multiaxial stress states were created in the specimen by changing the notch profile which is given 
in Table 2. In line with the Peterson’s diagram and available literature on circumferential 600 V-notch, the 
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notch geometries and the stress concentration Kt factor for the present work were decided. Material constants 
and other related data are those pertaining to similar experimentation conducted on smooth specimens. 
Table 2. Notch geometry details (Kt = stress concentration factor). 
Specimen 
nomenclature 
Notch depth 
(t)
 
mm 
Net dia.  
(d) mm 
Notch root radius 
(ȡ) mm Kt 
BM1 0.60 8.3 0.141 4.168 
BM2 0.80 7.9 0.16 4.17 
BM3 1.282 6.936 0.3 3.2 
BM4 2.03 5.44 0.3 3.15 
BM5 2.303 4.894 0.16 1.58 
2.3. Creep rupture test 
316 L (N) SS notched specimens with notch profiles as given in Table 2 were creep tested at a constant load 
of 300 MPa and 873 K. The creep rupture tests have been carried out on single lever creep testing machine as 
per ASTM E 139 and 292-01.  
2.4. Post test investigations  
Experimentally generated data were used to investigate the influence of stress state on creep behavior of 316 
L (N) SS. The graphical interpretation of creep data provides a comparison on life spans for the selected 
geometry of notches in the specimen. Scanning Electron Microscopy (SEM) was utilized for the 
characterization of fractured surfaces. Precipitates were identified using Energy Dispersive Spectroscopy 
(EDS). Also, optical microscopy was carried out on longitudinal section of fractured specimen for studying the 
changes in microstructure during creep. 
The quantification of the parameters defining degree of constraint is important to know notch effect. 
According to fracture mechanics, the geometrical constraint can be quantified by the parameters defining 
multiaxial stresses, namely; von Mises equivalent stress ıeq , mean stress ım, and the maximum principal stress ı1. 
It could be realized that, the graphical representation of creep data, fractography, and optical microscopy of 
longitudinal section of specimens have limitations on quantifying the multiaxial stress parameters and its 
distribution at notch root. To overcome the limitation for assessing the stress distribution during creep, 
analytical method is proposed. 
2.5. Analytical approach 
2.5.1. Degree of constraint 
 
Analytical approach was adopted for studying the stress levels at various locations from the notch root to the 
center of the specimen, as it was beyond the scope of experimental measurements. The consideration of 
advanced life time assessment and modeling of damage and failure behavior is planned for analytical method 
and so the inelastic calculations in the present work are based on the Norton’s constitutive model for steady 
state creep stage. Precisely, the advantage of implementing Norton creep law in the present analysis has 
allowed a better description of strain hardening. For a given material at a given temperature, the process of 
stress distribution depends mainly on the degree of constraint [2]. The degree of constraint may arise as a 
combination of: 
(i) Specimen geometry:- A notch imposes constraint on the specimen. The influence of specimen geometry 
on degree of constraint includes the notch depth ratio, (t/d/2) and the notch to net radius ratio (ȡ/d/2). The 
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degree of constraint imposed due to various (t/d
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Table 3. Percentage reduction in area for various multiaxialities. 
Specimen % Reduction in area 
BM1 10.2 
BM2 13.1 
BM3 18.2 
BM4 22.9 
BM5 24.3 
Smooth specimen 62 
3.3. Creep fracture modes 
Metallographic studies were carried out on fracture surfaces of specimens to explore the modes of fracture. 
A schematic of the locations showing point nos.1, 2 and 3 at which SEM examination was carried out is shown 
in Fig. 3. In order to observe more features, SEM was also carried out at locations 1, 2 and 3 by tilting fracture 
surfaces to 45-55 degrees. 
 
 
Fig. 3. Locations (1-notch root, 2-critical point, 3-net section center) for scanning electron microscopy study and SE micrographs for (a) 
overall view, (b)  at notch root, (c) at critical location, (d) at net section center, and (e) at fracture surface tilted at 450 for BM1. 
The cracks were seen at notch root along the circumference of notch cross section as seen in overall view 
Fig. 3 (a) and a mixed mode of fracture was seen in the lower magnification SEM micrographs of fracture 
surface in all the specimens i.e. brittle intergrannular fracture at notch root Fig. 3 (b), and ductile transgrannular 
fracture in the center of specimen Fig. 3 (d). The fractography observations were in line with the results 
obtained by Li Bin Niu [9] on austenitic steel with high ductility. It can be stated that, brittle intergrannular 
fracture was observed near the notch root and with approaching the central area of specimen (away from notch) 
it behaved like a smooth specimen so the notch effect got reduced and a ductile transgrannular mode was 
exhibited. It is inferred that, brittle intergrannular fracture occurred due to nucleation and growth of grain 
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boundary cavitation near notch root whereby; creep deformation was accelerated and as a result the stress got 
relieved and the ductile transgrannular fracture occured at the center of specimen. 
It was observed that, the location of transition in fracture mode (brittle intergrannular Æ ductile 
transgrannular)  changed with the notch geometry. It was also observed that, the location of this transition 
mode was pulled in towards center of the net section as the constraint was reduced. Also, with increasing the 
notch depth, brittle intergrannular fracture occurred even at the central areas as well as near the notch root in 
the notch cross section.  
In the transition zone, the fracture was found to be intergrannular in nature but with increasing portion of 
dimple morphology areas towards center of specimen. The region of transition zone was followed by region of 
ductile fracture with dimpled surface, which ultimately resulted in separation into two surfaces. The process of 
microvoid coalescence continued to form larger cracks, which had approximately half of each cavity on each 
side of the fracture surface as a tiny cup or “dimple”. The actual fracture surface of a ductile metal, therefore, 
was essentially nothing but a mass of dimples, or half-voids. It was observed that, as notch depth increased the 
average dimple size decreased. Examination of these dimples is exceedingly useful in studying fractures 
because the dimples are extremely sensitive to the direction of stress that caused them. To know the grain 
boundary precipitations, EDS was carried out at notch root, center of notch, and critical locations of fractured 
surfaces. The analysis exhibited Cr- and Mo-rich precipitations on the grain boundary.  
3.4. Optical microscopy 
The optical micrographs at notch root locations for BM1 to BM5 samples are shown in Fig.4. The grain 
boundary precipitations were seen in the microstructures as shown in Fig. 4. It was also observed that, number 
of cracks at notch root was more in high constraint specimen, BM1. The number of cracks seemed to be 
lessened as constraint was reduced. In highly constrained specimen, stresses higher than the yield stress were 
developed resulting in plastic flow at notch root. Due to high constraint, plastic flow could not relieve the high 
elastic stress and it limited the peak stress to the yield stress resulting into higher number of cracks.  
Above discussion on fracture modes and microstructure shows that, the developing intergrannular 
precipitation and following coarsening of grain boundary particles of M23C6 coupled with triaxiality on account 
of notch are responsible for the significant changes in creep behavior from creep plasticity point of view.  
3.5. Analytical approach 
3.5.1. Study of influence of constraints on creep stress distribution under multiaxiality using FE analysis 
 
The loading conditions and mesh, for BM5 is illustrated in Fig.5. Uniformly distributed load of 300 MPa 
was applied at remote end of the specimen. The applied loads to produce 300 MPa stress condition were 
changed according to the net section area of notch of various specimens. The material constants used in FE 
analysis were evaluated from creep data for smooth 316 L (N) SS specimen at the stress levels of 100 to 400 
MPa and 823 to 923 K by regression method. The Young’s modulus and Poisson’s ratio were 145 GPa and 
0.33, respectively. 
The solution control option was operated with Newton-Raphson convergent criterion and automatic time 
stepping was made ON. Input sub-steps were varied till the convergence of output to non-linear solution for 
each geometry was satisfied. The results were acquired in the form of stress distribution and creep strain at 
notch root with the help of general post- processor. 
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Fig. 4. Optical micrographs on longitudinal section
Fig. 5. Typical specimen geometry mod
3.5.2. Indicators of degree of constraint 
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The number of cracks located at notch root was observed to be decreasing with decrease in geometrical 
constraint. It can be concluded that, the driving force ahead of the crack tip is utilized in overcoming the 
barriers imposed by grain boundary precipitations. 
Distribution of multiaxial stress components at notch root was found to be localized in case of highly 
constraint specimen and globalised in case of least constraint specimen. 
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